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We report a neutron powder diffraction study of RMn7O12 quadruple perovskite manganites with
R = La, Ce, Nd, Sm, and Eu. We show that in all measured compounds concomitant magnetic
ordering of the A and B manganese sublattices occurs on cooling below the Ne´el temperature.
The respective magnetic structures are collinear, with one uncompensated Mn3+ moment per for-
mula unit as observed in bulk magnetisation measurements. We show that both LaMn7O12 and
NdMn7O12 undergo a second magnetic phase transition at low temperature, which introduces a
canting of the B site sublattice moments that is commensurate in LaMn7O12 and incommensurate
in NdMn7O12. This spin canting is consistent with a magnetic instability originating in the B site
orbital order. Furthermore, NdMn7O12 displays a third magnetic phase transition at which long
range ordering of the Nd sublattice modifies the periodicity of the incommensurate spin canting.
Our results demonstrate a rich interplay between transition metal magnetism, orbital order, and
the crystal lattice, which may be fine tuned by cation substitution and rare earth magnetism.
I. INTRODUCTION
The quadruple perovskite manganites with chemical
formula AA′3Mn4O12 derive from the simple perovskite
lattice, and a pattern of large octahedral tilts (a+a+a+ in
Glazer notation) accommodates a 1:3 ordering of A and
A′ cations. This chemical order expands the range of
manganese-based oxides in which to study the interplay
between charge, orbital, and spin degrees of freedom1,2.
Furthermore, topical physical properties such as low-field
magnetoresistance3 and multiferroic behaviour4,5 have
been found in the quadruple perovskite manganites.
When A′ = Mn3+ a family of manganites is formed
that nominally contain Mn4+ and Jahn-Teller active
Mn3+ cations in different proportions on the B sites.
The Mn4+:Mn3+ ratio is determined by the oxidation
state of the A cations, which may be monovalent Na+,
divalent Mn2+, Cd2+, Ca2+, Sr2+, Pb2+, or trivalent
R3+ (R = rare earth including Y and Bi)4–14. Despite
the successful synthesis of a large number of quadru-
ple perovskites, the only trivalent A site manganites
whose physical properties had been reported prior to our
work were LaMn7O12,
8 PrMn7O12,
9, BiMn7O12,
4,15 and
YMn7O12
14.
At high temperature LaMn7O12 crystallises in the cu-
bic, Im3¯ quadruple perovskite structure16. As for all
R3+Mn7O12 compounds every B site is occupied by a
Jahn-Teller active Mn3+ ion, and below 650 K the crys-
tal symmetry is lowered to monoclinic I2/m as a result of
d3z2−r2 orbital ordering within the ac plane, with nearest
neighbour orbitals orientated orthogonal to each other
— the same pattern of orbital ordering supported by
the simple perovskite LaMnO3
17,18. This crystal sym-
metry and orbital order persists down to low tempera-
ture. BiMn7O12 and YMn7O12 adopt the same pattern
of orbital order as LaMn7O12, but the former shows com-
plex structural behaviour as a function of temperature19,
and the latter undergoes a structural phase transition at
200 K that is apparently isostructural14, yet its origin re-
mains unknown. The structural behaviour of PrMn7O12
is complicated by the presence of two polymorphs, one
with I2/m symmetry, and the other R3¯, which are highly
sensitive to synthesis conditions. However, the mono-
clinic phase fraction is understood to be similar to the
La and Bi compounds9. PrMn7O12 was omitted from
the present study due to these structural complications.
LaMn7O12 and BiMn7O12 are reported to undergo two
magnetic phase transitions at T1 = 78 K and T2 = 21
K, and T1 = 59 K and T2 = 28 K, respectively
4,8. In
LaMn7O12 it was found that the B site manganese mo-
ments ordered below T1 with a k=(0,0,0), antiferromag-
netic alignment in the ac plane, with ferromagnetic stack-
ing along the b axis. The A site manganese moments were
then found to order independently at T2 with propagation
vector k=(0,1,0). In YMn7O12, the same k=(0,0,0) an-
tiferromagnetic ordering of B site moments was reported
below T1 = 108 K, however, no lower temperature mag-
netic phase transition was observed. We note that the B
site magnetic structure of both compounds is somewhat
surprising, as the established orbital order favours fer-
romagnetic planes stacked antiferromagnetically, as ob-
served in LaMnO3
20,21. We discuss this point in detail
later.
In this article we report the synthesis and characterisa-
tion of polycrystalline samples of RMn7O12 compounds,
where R = La, Ce, Nd, Sm, and Eu. We demonstrate
that in all measured compounds the A and B manganese
sublattices magnetically order concomitantly on coooling
below the Ne´el temperature — contrary to previous re-
ports on LaMn7O12
8 and YMn7O12
14. The refined mag-
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2netic structure is collinear with one uncompensated A
site Mn3+ magnetic moment per formula unit, as ob-
served in the bulk magnetisation. We show that both
LaMn7O12 and NdMn7O12 display a second phase tran-
sition at low temperature, which is related to a spin
canting of the B site sublattice that is commensurate
in LaMn7O12, and incommensurate in NdMn7O12. This
spin canting is consistent with an underlying magnetic
instability originating in the B site orbital order. Fur-
thermore, NdMn7O12 displays a third magnetic phase
transition at which long range ordering of the Nd sublat-
tice modifies the periodicity of the incommensurate spin
canting. The article is organised as follows. We first
present details of the sample synthesis and experimental
techniques in Section II. A detailed analysis of neutron
powder diffraction data measured from LaMn7O12 and
NdMn7O12 is given in Sections III A and III B, followed
by a brief comparison with diffraction data collected on
CeMn7O12, SmMn7O12, and EuMn7O12 in Section III C.
In Section IV we discuss the results with particular fo-
cus on orbital order and bulk magnetisation, and finally,
conclusions are drawn in Section V.
II. EXPERIMENT
Polycrystalline RMn7O12 samples with R = La, Nd,
Sm, and Eu were prepared from stoichiometric mix-
tures of Mn2O3 and R2O3 (99.9%). CeMn7O12 was pre-
pared from stoichiometric mixtures of Mn2O3, Mn3O4
(99.99%), and CeO2 (99.99%). Single-phase Mn2O3 was
prepared from commercial MnO2 (99.99%) by heating in
air at 923 K for 24 h. The mixtures were placed in Au or
Pt capsules and treated at 6 GPa and about 1570-1670
K for 2 h (heating time to the synthesis temperature was
10 min) in a belt-type high-pressure apparatus. After
the heat treatments, the samples were quenched to room
temperature, and the pressure was slowly released. All
obtained samples were black pellets.
Variable temperature magnetisation measurements of
dense pellets from the growth were performed using
a SQUID magnetometer (Quantum Design MPMS) on
cooling in an applied magnetic field of 1 T from 350
to 2 K. Isothermal magnetization measurements were
performed between -7 and 7 T at different tempera-
tures. Neutron powder diffraction measurements were
performed on the WISH time-of-flight diffractometer22
at ISIS, the UK Neutron and Muon Spallation Source.
Samples were lightly packed into thin 3mm cylindrical
vanadium cans to minimse the effects of neutron absorp-
tion (large for Sm and Eu), and mounted within a 4He
cryostat. Data were collected with high counting statis-
tics at a fixed temperature within each magnetic phase,
including paramagnetic for reference. Data were also col-
lected with lower counting statistics on warming in the
temperature range 1.5 K to 100 K. All diffraction data
were refined using Fullprof23.
III. RESULTS
A. LaMn7O12
Variable temperature magnetic susceptibility data
measured from our polycrystalline LaMn7O12 sample
(Figure 3a) showed signatures of two magnetic phase
transitions at T1 ∼ 79.5 K and T2 ∼ 22.5 K, which
are both consistent with previous observations8. Neu-
tron powder diffraction data collected at 93 K, within the
paramagnetic phase of LaMn7O12, was fit with a refined
model based upon the published crystal structure7,8, and
excellent agreement with the data was achieved (Figure
1a). The sample was found to be 95.2 wt% pure, which is
typical for samples synthesised under high pressure con-
ditions. Structural parameters are summarised in Table
I, where atomic displacement parameters have been omit-
ted as in several compounds strong neutron absorption
prevented their reliable determination.
On cooling below T1 additional magnetic diffrac-
tion intensities were observed, which were unambigu-
ously indexed with the propagation vector k=(0,0,0), as
reported8. We label this phase AFM I. Symmetry anal-
ysis using the isotropy suite24,25 showed that two irre-
ducible representations, Γ+1 and Γ
+
2 , enter into the de-
composition of the magnetic Γ-point reducible represen-
tation for the relevant Wyckoff positions (see Table IV
of the Appendix for the basis vectors of Γ+1 and Γ
+
2 ).
Exhaustive testing of possible magnetic structures found
that only one minimal model, which transforms according
to Γ+2 , faithfully reproduced the neutron diffraction data
shown in Figure 1b. The fitted AFM I magnetic structure
(Figure 2d) is collinear with all magnetic moments lying
within the ac plane. Out of plane tilts of B site moments,
which are allowed within the symmetry of Γ+2 , did not
improve the quality of the fit. The B site moments were
ordered antiferromagnetically within the χ mode shown
in Figure 2a (for clarity we use χ, α, and γ to denote B
site magnetic structure modes typically referred to as C-
type, A-type, and G-type, respectively). The A site mo-
ments were ordered in a ferrimagnetic structure with two
uncompensated moments per unit cell (one moment per
formula unit). The refined parameters of the magnetic
structure are given in Table II. The moment magnitudes
on all A sites were constrained to be the same, as were
those on all B sites, and their temperature dependence
is shown in Figure 3b.
Our magnetic structure solution for the AFM I phase
is different to that previously reported8. In particular,
we find both A and B sublattices ordering together be-
low T1, and both with a k = (0,0,0) propagation vector.
Quantitative evidence for these differences may be found
in our neutron diffraction data. The inset of Figure 1b
shows the {121}, {2¯11}, and {1¯12} diffraction intensities
in detail, which are mostly magnetic in orgin (paramag-
netic data is shown in green). The magnetic structure
factor of the {2¯11} and {1¯12} reflections is exactly zero
for the collinear B-site order described above, and also
3TABLE I. Crystal structure parameters (I2/m, Z = 2) in the paramagnetic phase of RMn7O12, with R =La, Ce, Nd, Sm, and
Eu refined at 93, 90, 100, 100, and 100 K, respectively. Wyckoff positions are as follows. A sublattice; R: 2a, Mn1: 2b, Mn2:
2c, Mn3: 2d. B sublattice; Mn4: 4e, Mn5: 4f. Oxygen; O1 & O2: 4i, O3 & O4: 8j. The values of T1 are given at the bottom.
LaMn7O12 CeMn7O12 NdMn7O12 SmMn7O12 EuMn7O12
Lattice parameters
a [A˚] 7.5219(1) 7.4966(2) 7.4885(1) 7.4854(2) 7.4769(3)
b [A˚] 7.36243(8) 7.3511(2) 7.33241(8) 7.3287(2) 7.3246(2)
c [A˚] 7.51685(9) 7.4915(2) 7.4850(1) 7.4837(2) 7.4748(2)
β [◦] 91.309(1) 91.232(1) 91.256(1) 91.231(2) 91.215(2)
V [A˚
3
] 416.168(9) 412.75(2) 410.892(9) 410.45(2) 409.27(2)
Fractional coordinates
O1 x 0.1676(5) 0.1671(5) 0.1666(4) 0.1651(8) 0.1632(8)
z 0.3084(5) 0.3079(5) 0.3056(4) 0.3055(7) 0.3034(7)
O2 x 0.1783(6) 0.1786(6) 0.1775(6) 0.1781(8) 0.178(1)
z 0.6882(7) 0.6857(7) 0.6877(6) 0.685(1) 0.687(1)
O3 x 0.0151(4) 0.0153(4) 0.0150(4) 0.0153(6) 0.0146(7)
y 0.3100(4) 0.3089(4) 0.3084(4) 0.3065(6) 0.3054(6)
z 0.1722(4) 0.1744(4) 0.1722(4) 0.1737(6) 0.1743(6)
O4 x 0.3125(4) 0.3112(4) 0.3111(3) 0.3107(6) 0.3097(6)
y 0.1758(4) 0.1755(4) 0.1753(4) 0.1749(6) 0.1739(6)
z -0.0137(4) -0.0123(4) -0.0126(3) -0.0123(5) -0.0124(6)
Fit reliability parameters
R [%] 3.3 3.65 3.19 3.4 3.3
wR [%] 3.4 4.6 3.28 3.5 3.2
RBragg [%] 4.6 3.61 3.38 4.9 6.1
Ne´el temperature
T1 [K] 79.5 80 85 87 87
TABLE II. Magnetic structure parameters refined in the AFM I phase of RMn7O12. Moment directions are given in spherical
coordinates defined such that mz = m cos(θ) || c, mx = m sin(θ) || a∗, and my = 0 || b. Mn1 and Mn3 moments are parallel, and
antiparallel to Mn2 moments. All moments of the Mn4 sublattice are parallel, and antiparallel to those of the Mn5 sublattice.
LaMn7O12 CeMn7O12 NdMn7O12 SmMn7O12 EuMn7O12
T [K] 27 1.5 30 1.5 1.5
Mn1 m[µB] 3.51(2) 3.03(3) 3.28(3) 3.45(4) 3.11(6)
θ[◦] -32.7(3) -38.7(3) -33.1(3) -34.7(4) -32.1(5)
Mn4 m[µB] 2.90(2) 2.97(1) 3.00(2) 3.27(3) 3.24(3)
θ[◦] -32.7(3) -38.7(3) -33.1(3) -34.7(4) -32.1(5)
Fit reliability parameters
R [%] 4.56 4.57 4.19 4.13 6.94
wR [%] 4.58 4.62 4.54 3.59 4.89
RMagnetic [%] 3.85 2.83 4.65 5.81 3.15
zero for the similar B-site order reported in reference 8.
Furthermore, it is zero for each Mn4 and Mn5 sublattice,
meaning that no degree of in-plane ferromagnetic canting
between Mn4 and Mn5 sites, nor different magnitude mo-
ments of the two (both giving a net magnetic moment),
can account for the observed intensity at these reflec-
tions. Out-of-plane antiferromagnetic canting of B site
moments (zero net moment) is allowed by symmetry, as
mentioned above. In this case, finite magnetic diffraction
intensities would be expected at the {2¯11} and {1¯12} re-
4FIG. 1. Neutron powder diffraction data measured from
LaMn7O12 in bank 2 (average 2θ = 58.3
◦) of the WISH
diffractometer. Diffraction data (red points) collected in the
paramagnetic, AFM I, and AFM II phases are shown in
panes a), b) and c), respectively. The fitted nuclear (top tick
marks) and magnetic (bottom tick marks) structural models
are shown as a solid black line. Tick marks corresponding
to Mn3O4 (3.4 wt%), LaMnO3 (0.5 wt%), and La(CO3)(OH)
(0.9 wt%) impurity phases have been omitted for clarity. A
difference pattern (Iobs − Icalc) is given as a blue solid line at
the bottom of each pane.
flections, but at the expense of the {121} intensity whose
structure factor is exactly zero for this additional b axis
component. Indeed, when freely refined, this out-of-plane
component was found to be zero within error as it is in-
consistent with other magnetic intensities found through-
out the diffraction pattern. No other modifications of the
collinear B-site structure are consistent with Γ+2 symme-
try. However, the manganese A site magnetic structure
described above does have a non-zero structure factor for
the {2¯11} and {1¯12} reflections, and, combined with the
B site order, faithfully reproduces all other diffraction in-
tensities. Hence, given the basic χ-type B site magnetic
structure, concomitant k = (0,0,0) A and B sublattice
ordering is unambiguously demonstrated by our neutron
diffraction experiments. Furthermore, the A site struc-
FIG. 2. (a)-(c) Antiferromagnetic modes of the B site sub-
lattice, where yellow and black spheres represent moments of
opposite sign. The refined magnetic structures of the AFM
I and AFM II phases of LaMn7O12 are shown in (d) and (e)
respectively, with the A sublattice on the left and the B sub-
lattice on the right. The orthogonal χ and (α+γ) components
of the ground state B sublattice magnetic structure are shown
as thin black and red arrows, respectively. In all panes the
I2/m quadruple perovskite unit cell is drawn in black lines.
ture naturally gives rise to an uncompensated 4µB per
formula unit, as observed in bulk magnetometry mea-
surements (see Figure 9, below).
Below T2, three substantial changes in the neutron
powder diffraction data occured simultaneously. Firstly,
the relative intensities of the k = (0,0,0) magnetic diffrac-
tion peaks were modified, which could be modelled by a
global tilt of the AFM I collinear magnetic structure to-
wards the b axis (Table III). The symmetry of this tilted
structure is described by an admixture of Γ+2 and Γ
+
1 ir-
5FIG. 3. The LaMn7O12 temperature dependence of a) field
cooled magnetic susceptibility, b) the A and B site ordered
magnetic moments, c) the global tilt of the k=(0,0,0) mag-
netic structure component, and d) the canting angle of the
Mn4 and Mn5 moments due to the evolution of the k=(0,1,0)
α mode, defined as tan−1(mα/mχ).
reducible representations, which is allowed below the sec-
ond magnetic phase transition. The tilt angle is plotted
as a function of temperature in Figure 3c, which indeed
demonstrates critical behaviour at T2. Secondly, an ad-
ditional family of relatively strong, magnetic diffraction
peaks appeared (labelled α in Figure 1c), which could
be unambiguously indexed with the propagation vector
k = (0,1,0), as reported8. By considering the full set
of k = (0,1,0) reflections, systematic extinctions were
observed at, for example, the {100}, {001}, {120}, and
{021} peak positions. Generic structure factor calcula-
tions demonstrated that these extinctions can only arise
if the k = (0,1,0) component of the magnetic structure
resides solely on the B sublattice. The same calculations
also demonstrated that these new magentic diffraction
peaks are consistent with the α mode illustrated in Fig-
ure 2b. Thirdly, two weak reflections were observed as
highlighted in the inset of Figure 1c (labelled γ), which
also indexed with k = (0,1,0). These {1 ±1 1} and {1¯ ±1
1} reflections are characteristic of a small γ component
of the B sublattice magnetic structure (Figure 2c).
Under the constraint that every magnetic ion should
have a saturated magnetic moment in the ground state,
the χ and (α + γ) components must be orthogonal, giv-
ing rise to a noncollinear B sublattice with an average
TABLE III. Magnetic structure parameters refined in the
AFM II and AFM II’ phases of LaMn7O12 and NdMn7O12,
respectively. Moment directions are given in spherical co-
ordinates defined such that mz = m cos(θ) || c, mx =
m cos(φ) sin(θ) || a∗, and my = m sin(φ) sin(θ) || b. Parame-
ters given without standard errors have been fixed to main-
tain a magnetic structure with full moments on all sites. Mn1
and Mn3 moments are parallel, and antiparallel to Mn2 mo-
ments. Mn4 and Mn5 moments are given for sites [ 1
4
, 1
4
, 1
4
]
and [ 1
4
, 1
4
, 3
4
], respectively. Moments on the other B sites are
transformed by the respective propagation vector.
LaMn7O12 NdMn7O12
T [K] 1.5 1.5
R m[µB] - 0.84(3)
φ[◦] - 314.6(5)
θ[◦] - 150.5(7)
Mn1 m[µB] 3.86(2) 3.73(2)
φ[◦] 323.7(3) 314.6(5)
θ[◦] -45.2(6) -29.5(7)
χ α+ γ χ α+ γ
Mn4 m[µB] 3.24(3) 1.56(2) 3.24(3) 0.97(5)
φ[◦] 323.7(3) -75.8 314.6(5) -145(2)
θ[◦] -45.2(6) 52.4(4) -29.5(7) 96.3
Mn5 m[µB] 2.85 2.17(2) 3.02 1.83(5)
φ[◦] 323.7(3) -75.8 314.6(5) -145(2)
θ[◦] 134.8(6) 52.4(4) 150.5(7) 96.3
Fit reliability parameters
R [%] 3.95 5.26
wR [%] 4.48 5.16
RMagnetic [%] 2.65 3.87
spin direction collinear with the A sublattice moments.
In this case the small γ component naturally arises if
the noncollinearity is different for Mn4 and Mn5, which
is indeed allowed by symmetry. This AFM II magnetic
structure is shown in Figure 2e, the refined parameters
are given in Table III, and the temperature dependence
of the α canting angle is shown in Figure 3, which again
displays critical behaviour at T2. We note that in order
to describe the symmetry of the AFM II magnetic struc-
ture it is necessary to mix Y−1 and Y
−
2 (see Table IV of
the Appendix), as well as Γ+1 and Γ
+
2 irreducible repre-
sentations. This combination corresponds to a substan-
tial lowering of symmetry to a centrosymmetric triclinic
magnetic space group.
6B. NdMn7O12
The field cooled magnetic susceptibility of NdMn7O12,
shown in Figure 6a, demonstrated three magnetic phase
transitions at T1 = 85 K, T2 = 12 K, and T3 = 8.5 K.
Neutron powder diffraction data collected at 100 K, in
the paramagnetic phase of NdMn7O12, (Figure 4a) was
fit with the same I2/m crystal structure model as em-
ployed for LaMn7O12. The model was found to be in
excellent agreement with the data, and the refined struc-
tural parameters are given in Table I. Furthermore, this
analysis demonstrated that our NdMn7O12 sample was
100% phase pure within the sensitivity of the measure-
ment.
Below T1 additional magnetic diffraction intensities
were observed, which could be indexed with the prop-
agation vector k=(0,0,0); as was the case for LaMn7O12.
In fact, the diffraction patterns of both compounds be-
low T1 were found to be qualitatively identical (except for
the small impurity peaks present for the La compound).
The AFM I magnetic structure model was therefore fit
to NdMn7O12 powder diffraction data measured at 30 K
(Figure 4b), and was found to accurately reproduce all
magnetic intensities, including the {2¯11} and {1¯12} re-
flections that evidence A site magnetic order (Figure 4b
inset). The refined AFM I magnetic structure parame-
ters are given in Table II.
In the temperature range T3 < T < T2, additional
magnetic diffraction peaks appeared in positions simi-
lar to those observed from LaMn7O12 below T2. How-
ever, these peaks could not be indexed with the prop-
agation vector k=(0,1,0), nor any other commensurate
propagation vector corresponding to a high symmetry
point of the I2/m Brillouin zone. The highest symme-
try incommensurate (ICM) propagation vectors of space
group I2/m are either parallel or perpendicular to b∗.
Assuming that the ICM propagation vector was close to
(0,1,0), the former scenario could be ruled out based
upon the absence of (0,1±ky,0) satellites. A system-
atic search of the reciprocal space plane (kx,1,kz) found
that the propagation vector (0.248(2),1,0.064(3)) repro-
duced the positions of all magnetic diffraction intensi-
ties (> 5 observed). For completeness, the full Brillouin
zone was searched and no other solutions were found.
On cooling below T3 there occured a significant shift in
the positions of the ICM diffraction peaks, whilst their
intensities continued to increase monotonically. At 1.5
K these peaks could be indexed with the propagation
vector (0.3231(7),1,0.0069(7)) — further supporting the
(kx,1,kz) indexing solution. We note that this incom-
mensurate propagation vector is close to the commen-
surate vector (1/3,1,0), however, the peak positions for
k=(1/3,1,0) are inconsistent with the diffraction data
(dashed line in Figure 4d inset). Furthermore, there is no
symmetry reason for the propagation vector to lock in at
(1/3,1,0) which is neither a high symmetry point in the
Brillouin zone nor associated with any pseudo symmetry
of the I2/m crystal structure.
FIG. 4. Neutron powder diffraction data measured from
NdMn7O12 in bank 2 (average 2θ = 58.3
◦) of the WISH
diffractometer. Diffraction data (red points) collected in the
paramagnetic, AFM I, AFM II, and AFM II’ phases are shown
in panes a), b), c), and d), respectively. The fitted nuclear
(top tick marks) and magnetic (bottom tick marks) structural
models are shown as a solid black line. A difference pattern
(Iobs − Icalc) is given as a blue solid line at the bottom of
each pane. The dashed line in the inset to pane d shows the
calculated peak position for the commensurate propagation
vector (1/3,1,0).
In both low temperature phases of NdMn7O12 the ad-
ditional magnetic diffraction intensities were well fit by
the same AFM II model as found for LaMn7O12, but
with the respective ICM propagation vectors assigned to
the (α + γ) components residing on the B sites (Fig-
ures 4c and 4d). To reinforce this similarity we label
the T3 < T < T2 phase of NdMn7O12 AFM II, and the
ground state phase, AFM II’. As before, under the con-
straint that the magnetic structure has fully saturated
moments, the ICM component must be oriented orthog-
onal to the k = (0,0,0) component. The B site mag-
netic structure can then be understood either in terms
7FIG. 5. a) The refined A site magnetic structure of the AFM
II’ phase of NdMn7O12. b) The incommensuarte ‘rocking’ of
B site magnetic moments along the crystallographic a axis
(‖ kx). In all panes the I2/m quadruple perovskite unit cell
is drawn in faint grey lines.
of a long period planar ‘rocking’ about the average k =
(0,0,0) direction, or a conical ‘rotation’ about the aver-
age. These two cases are described by an additional spin
density wave or cycloidal modulation of the spins, respec-
tively, which, as is typically the case, cannot be readily
differentiated by neutron powder diffraction. The ground
state magnetic structure of NdMn7O12 is illustrated in
Figure 5 and parameterised in Table III assuming a rock-
ing type structure. The temperature dependencies of the
magnetic structure parameters are shown in Figure 6,
including the evolution of the ICM propagation vector.
To maintain a physical value of the Mn3+ A site mag-
netic moments below T3, i.e. ≤ 4µB, it was necessary
to include k=(0,0,0) magnetic order on the Nd ions, as
shown in Figure 6b. Here, ferromagnetically aligned Nd
moments of magnitude 0.84(3)µB were found to lie an-
tiparallel to the uncompensated moment of the man-
ganese A site sublattice. It is well known that in rare
earth manganites low temperature magnetic ordering of
the rare earth sublattice can modify the magnetic or-
der already present on the manganese sublattice. For
example, in NdMnO3 the Nd ions ferromagnetically or-
der below 15 K with moments of ∼ 1µB, which drives
a spin reorientation of the manganese sublattice and a
net magnetisation reversal26. In NdMn7O12, the low
temperature long range order of the Nd sublattice has
two consequences. Firstly, it reduces the macroscopic
ferrimagnetic moment, as evidenced in the field cooled
magnetic susceptibility of NdMn7O12 (Figure 6a). Sec-
ondly, Nd ordering can modify the effective exchange
coupling between the A and B sublattices via additional
f -d exchange interactions. If A-B coupling is pivotal
FIG. 6. The NdMn7O12 temperature dependence of a) field
cooled magnetic susceptibility, b) the A site, B site, and Nd
ordered magnetic moments, c) the global tilt of the k=(0,0,0)
magnetic structure component, and d) the maximum cant-
ing angle of the Mn4 and Mn5 moments due to the evolution
of the k=(kx,1,kz) α mode, defined as tan
−1(mα/mχ). The
inset of (d) gives the temperature dependence of the incom-
mensurate propagation vector components, kx and kz.
in determining the ICM propagation vector, then the
long range ordering of the Nd ions can naturally account
for the changes in the manganese magnetic structure at
T3, which do not occur in the case of non-magnetic lan-
thanum.
C. CeMn7O12, SmMn7O12, and EuMn7O12
Magnetic susceptibility measurements of compounds
with R = Ce, Sm, and Eu, shown in Figure 7, demon-
strated a single magnetic phase transition; for CeMn7O12
T1 = 80 K, and for SmMn7O12 and EuMn7O12 T1
= 87 K. Neutron powder diffraction data collected in
the paramagnetic phase of all three compounds (Fig-
ure 8 a-c) was reliably fit with the same I2/m crystal
structure model as employed for the R = La and Nd
compounds, and the structural parameters are given in
Table I. The SmMn7O12 and EuMn7O12 samples were
found to be 100% phase pure. CeMn7O12 was found
to be 96% pure, with 3% CeO2 and 1% Mn3O4 impu-
rities present. Furthermore, the CeMn7O12 phase was
8FIG. 7. The temperature dependence of the 1 T field cooled
magnetic susceptibility (blue lines) and the AFM I A and B
site magnetic moments (black cirlces and red squares, respec-
tively) of CeMn7O12, SmMn7O12, and EuMn7O12.
found to be non-stoichiometric, with a refined composi-
tion of Ce0.86Mn7.14O12. In this case Mn
2+ ions were
heterovalently substituted for Ce3+ ions, as found for
(Tb0.88Mn0.12)Mn7O12
27, which leads to hole doping on
the B sites.
For all three compounds (R = Ce, Sm, and Eu), vari-
able temperature neutron powder diffraction experiments
confirmed a single magnetic phase from T1 down to 1.5 K.
Magnetic diffraction intensities appeared below T1, which
could be fit with the k=(0,0,0) AFM I model (Figure 8
d-f). The respective magnetic structure parameters re-
fined at 1.5 K are given in Table II, and the temperature
dependencies of the A and B site moments are shown in
Figure 7. For the SmMn7O12 and EuMn7O12 data anal-
ysis an absorption correction was required, based upon a
cylindrical geometry as implemented in Fullprof23
IV. DISCUSSION
As described theoretically by Goodenough, Kanamori,
and Anderson21,28–30, orbital order is widely consid-
ered to be the primary factor in mediating magnetic
exchange in manganese based perovskite oxides and
their variants20,31–33. In RMn7O12, the orthogonal in-
plane ordering of B site Mn3+ d3x2−r2 and d3z2−r2
orbitals favours ferromagnetic exchange within the ac
planes, which are coupled antiferromagnetically along y
(α mode), as observed in LaMnO3
20. It is surprising,
therefore, to find that all measured RMn7O12 quadru-
ple perovksites order below T1 with a B site magnetic
structure of antiferromagnetically coupled moments in
the ac plane, which are ferromagnetically coupled along
b (χ mode) — the exact opposite. Based on the bonding
geometry of the perovskite crystal structure one might
expect B-B interactions to dominate the magnetic ex-
change energy. However, in RMn7O12 the bonding ge-
ometry is highly distorted owing to the octahedral tilt
pattern that accommodates the ordered occupation of
the A site cations. As a result, the B-O-B bonds may
be close the critical angle between ferromagnetic and an-
tiferromagnetic exchange, giving rise to the possibility
that they are in fact weak with respect to A-A and A-
B exchange interactions. The latter interactions would
then play the lead role in determining the experimentally
observed magnetic structure at the expense of the B-B
exchange mediated by orbital order. In LaMn7O12 and
NdMn7O12 an instability towards α type B site magnetic
order is apparent below the low temperature phase tran-
sitions, which indicates that magnetic frustration due to
orbital order plays a key role in the stability of the ground
state magnetic structures.
Our neutron powder diffraction results on the evolu-
tion of the RMn7O12 magnetic structures are further
supported by bulk magnetisation measurements. Fig-
ure 9 shows the magnetic moment per formula unit of
a pressed pellet of our polycrystalline LaMn7O12 sam-
ple, measured as a function of applied magnetic field.
Above T2, a remnant moment of approximately 2 µB per
formula unit was observed in the powder averaged data.
Below T2, the hysteresis loop narrowed, and the rem-
nant moment increased to 4 µB per formula unit — the
full uncompensated moment of the A site ferrimagnetic
sublattice. This behaviour is consistent with the tem-
perature dependent susceptibility shown in Figure 3a. In
pseudocubic symmetry the collinear magnetic structure
of the A sublattice is isotropic. In the monoclinic phase
this sublattice becomes only weakly anisotropic owing to
relatively small distortions away from cubic symmetry.
Hence, the magnetic anisotropy of the uncompensated A
sublattice moment is likely inherited from coupling to the
strongly anisotropic B-sites. This A-B coupling exists
only for the k=(0,0,0) components, by symmetry. The
inhereted A sublattice anisotropy will therefore be re-
duced upon α canting of the B sites below T2, giving rise
to the apparent increase in remnant magnetisation in the
powder averaged data of Figure 9. Regarding magnetic
anisotropy, one important question remains unanswered:
Which anisotropy determines the moment directions in
the ground state of LaMn7O12 and NdMn7O12, giving
rise to the global tilt of the magnetic structures?
Finally, it is noteworthy that the low temperature
phase transitions to non-collinear ground states have only
been observed in compounds with large rare earth ionic
radius (La and Nd). However, CeMn7O12 appears to be
an exception; the ionic radius of Ce is intermediate with
respect to La and Nd, yet no low temperature transition
was observed. Our CeMn7O12 sample was found to be
non-stoichiometric, giving rise to hole doping on the Mn
B sites. Such doping will diminish the orbital order of
the B sites, which is consistent with the suppression of a
non-collinear ground state that is otherwise established
by magnetic frustration induced by orbital order. To
test this observation we measured a non-stoichiometric
9FIG. 8. Neutron powder diffraction data measured from CeMn7O12, SmMn7O12, and EuMn7O12, in bank 2 (average 2θ = 58.3
◦)
of the WISH diffractometer. Diffraction data (red points) collected in the paramagnetic and AFM I phases are shown in panes
(a-c) and (d-f), respectively. The fitted nuclear and magnetic structural models are shown as solid black lines, with the
respective peak positions shown by a single sets of black tick marks. A difference pattern (Iobs − Icalc) is given as a blue solid
line at the bottom of each pane. Tick marks from impurity phases have been omitted for clarity.
FIG. 9. The magnetic moment per formula unit of our poly-
crystalline LaMn7O12 sample, measured as a function of mag-
netic field above and below T2.
sample of LaMn7O12 (composition La0.9Mn7.1O12), in
which we observed weak anomalies in the heat capacity
and magnetic susceptibility at T2, and broad k=(0,1,0)
magnetic diffraction peaks below T2 (not shown here).
Both observations are evidence of the suppression of the
non-collinear ground state. Furthermore, variable tem-
perature neutron powder diffraction data measured from
La0.9Mn7.1O12, also not shown here, demonstrated a re-
duction of T1 by 3.5 K, which was also observed upon
increasing x in (Tb1−xMnx)Mn7O1227.
V. CONCLUSIONS
In all measured RMn7O12 compounds we have found
that the A and B manganese sublattices magnetically or-
der concomitantly on coooling below the first magnetic
phase transition at T1 (between 80 and 90 K). The mag-
netic structure (labelled AFM I throughout) is collinear,
with one uncompensated A site Mn3+ magnetic moment
per formula unit. This uncompensated moment natu-
rally explains the bulk magnetisation measured through-
out the magnetic phases. In LaMn7O12 and NdMn7O12 a
second phase transition occurs at low temperature (T2),
which we have shown to be related to the onset of a sec-
ondary component of the magentic structure associated
with the B site sublattice. In LaMn7O12 this component
is commensurate, and in NdMn7O12 it is incommensu-
rate, but in both cases it likely reflects a magnetic in-
stability originating in the B site orbital order. In this
regard the RMn7O12 compounds appear to be somewhat
unconventional, as the magnetic order is not primarily
determined by the underlying orbital order, as would be
expected in the manganites. Our results might be ex-
plored further in both theoretical and experimental stud-
ies of the magnetic exchange interactions of RMn7O12,
and the microscopic distinctions between these materi-
als and, for example, the A1+,2+Mn7O12 quadruple per-
ovskites and the RMnO3 simple perovskites.
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Appendix A: Irreducible representations for the
commensurate propagation vectors
11
TABLE IV. Basis vectors of the irreducible representations
used to describe the commensurate magnetic structures of
RMn7O12. Sites related by I centring (not listed here) respect
the propagation vector according to the phase 2pik · r. A
cartesian basis is adopted, where x||a∗, y||b, and z||c.
Γ+1 Γ
+
2 Y
−
1 Y
−
2
k (0,0,0) (0,0,0) (0,1,0) (0,1,0)
Mn1, [0,1,0] [1,0,0] - -
0, 1
2
, 0 [0,0,1] - -
Mn2, [0,1,0] [1,0,0] - -
1
2
, 0, 0 [0,0,1] - -
Mn3, [0,1,0] [1,0,0] - -
1
2
, 1
2
, 0 [0,0,1] - -
Mn4, [1,0,0] [1,0,0] [1,0,0] [1,0,0]
1
4
, 1
4
, 1
4
[0,1,0] [0,1,0] [0,1,0] [0,1,0]
[0,0,1] [0,0,1] [0,0,1] [0,0,1]
Mn4, [1¯,0,0] [1,0,0] [1,0,0] [1¯,0,0]
1
4
, 3
4
, 1
4
[0,1,0] [0,1¯,0] [0,1¯,0] [0,1,0]
[0,0,1¯] [0,0,1] [0,0,1] [0,0,1¯]
Mn5, [1,0,0] [1,0,0] [1,0,0] [1,0,0]
3
4
, 1
4
, 1
4
[0,1,0] [0,1,0] [0,1,0] [0,1,0]
[0,0,1] [0,0,1] [0,0,1] [0,0,1]
Mn5, [1¯,0,0] [1,0,0] [1,0,0] [1¯,0,0]
3
4
, 3
4
, 1
4
[0,1,0] [0,1¯,0] [0,1¯,0] [0,1,0]
[0,0,1¯] [0,0,1] [0,0,1] [0,0,1¯]
